Carboxylesterases (EC 3.1.1.1) and lipases (EC 3.1.1.3) are enzymes that hydrolyze carboxylate esters and are widespread in various organisms including animals, plants, and microorganisms. Interfacial activation and/or the presence of a surface loop covering the active site (lid) have been previously used as criteria for the distinction of the two enzymes (17) . An alternative criterion has recently been proposed in which carboxylesterases are defined as enzymes that catalyze the hydrolysis of acylglycerols with short chains (Ͻ10 carbon atoms), while lipases are defined as enzymes that catalyze the hydrolysis of acylglycerols with long chains (Ն10 carbon atoms) (16) . The standard substrate for carboxylesterase activity is tributyrine, and that for lipase activity is triolein. As many of these enzymes exhibit activity in organic solvents, they have become two of the most widely used enzymes in organic synthesis and industrial processes (5, 6, 18, 30) .
Carboxylesterases and lipases share a similar active site consisting of three residues: a nucleophilic serine residue in a GXSXG motif, an acidic residue (aspartic acid or glutamic acid), and a histidine. These residues act cooperatively in the catalytic mechanism of ester hydrolysis. The enzymes also display a common ␣/␤ hydrolase fold (27) which is also found in other hydrolases, such as haloalkane dehalogenase (11) , acetylcholinesterase (37) , dienelactone hydrolase (29) , and serine carboxypeptidase (22) .
At present, lipolytic enzymes from prokaryotes are classified into eight families (I to VIII) according to their amino acid sequences (3) . Enzymes belonging to Family I are called true lipases and are further classified into six subfamilies. Some of the best-studied lipases, such as Pseudomonas lipases, Bacillus lipases, and Staphylococcus lipases, are members of Family I. Family IV is also referred to as the HSL family, as enzymes belonging to this family show remarkable similarity to mammalian hormone-sensitive lipases (HSLs). HSL is a lipase which catalyzes the hydrolysis of triacylglycerols in adipose tissue and is a rate-limiting enzyme in the mobilization of fatty acids from stored lipids. Human HSL consists of an N-terminal domain with unknown function and a catalytic domain into which a regulatory module is inserted (13, 28) . Bacterial enzymes belonging to Family IV display similarity to the catalytic domain of HSL, implying that mammalian HSLs have evolved from these bacterial Family IV enzymes.
Family IV includes enzymes from Alicyclobacillus acidocaldarius (23) , Pseudomonas sp. B11-1 (7), Archaeoglobus fulgidus (24) , Alcaligenes eutrophus, Moraxella sp. (10) , and Escherichia coli (19) . These members commonly harbor a consensus pentapeptide GDSAG corresponding to the GXSXG motif. Another HGGG motif with unknown function is also conserved in this family. The three-dimensional structures of the carboxylesterase from A. acidocaldarius (8) and A. fulgidus (9) and the brefeldin A esterase from Bacillus subtilis (39) have been determined. The analyses of these structures revealed that these enzymes harbor multiple ␣-helices at their N terminals that comprise cap structures located above their active sites.
As for archaea, a lipase has yet to be identified, while a few esterases have so far been characterized. The primary structures of these esterases have been elucidated in only three cases. Besides the esterase from A. fulgidus mentioned above, another Family IV esterase, from Sulfolobus solfataricus, has recently been characterized (26) . In addition, an esterase from Sulfolobus acidocaldarius has been found to belong to Family V (4). Besides these three enzymes, three other esterases have been purified and studied. One is an esterase from S. acidocaldarius, distinct from the Family V enzyme mentioned above (35, 36) . A DNA fragment that includes an esterase gene has been isolated from Pyrococcus furiosus (15) . The third is the esterase from Sulfolobus shibatae, an extracellular enzyme that is induced when Tween compounds are used as sole carbon source (14) . Although the number of archaeal lipolytic enzymes is still low, genome analyses have revealed that some other archaea strains harbor putative esterase or lipase genes.
We have recently isolated a facultatively aerobic, hyperthermophilic archaeon, Pyrobaculum calidifontis VA1 (1). Through a halo-forming plate assay using tributyrine or olive oil as substrates, we detected an esterase activity in the cell extracts of P. calidifontis VA1. Here we report the cloning of the esterase gene from P. calidifontis VA1, along with purification and detailed characterization of the gene product.
(Amersham Pharmacia Biotech, Uppsala, Sweden) equilibrated with 20 mM Tris-HCl buffer (pH 8.0) and eluted with a linear 0-to-0.5 M NaCl gradient in 20 mM Tris-HCl (pH 8.0) using an Ä KTA Explorer 10S (Amersham Pharmacia Biotech). The fractions containing esterase activity were collected and concentrated using an Ultrafree-4 Centrifugal Filter Unit Biomax-10 apparatus (Millipore, Bedford, Mass.). The sample was then applied to a Superdex 200HR 10/30 gel filtration column (Amersham Pharmacia Biotech) in 20 mM Tris-HCl (pH 8.0) containing 0.1 M NaCl. The fractions containing esterase activity were collected and used as purified enzyme. The N-terminal amino acid sequence of the purified enzyme was determined using a protein sequencer (model 270; Perkin-Elmer Applied Biosystems). The protein concentration was determined with the Bio-Rad protein assay system (Bio-Rad, Hercules, Calif.) with bovine serum albumin as a standard.
Electrophoretic methods. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed with standard methods (32) . The protein standards used were phosphorylase b (M r , 97,000), albumin (M r , 66,000), ovalbumin (M r , 45,000), carbonic anhydrase (M r , 30,000), trypsin inhibitor (M r , 20,100), and ␣-lactalbumin (M r , 14,400). Gels were stained with Coomassie brilliant blue R-250.
Molecular mass determination by gel filtration. Molecular mass determinations were performed by gel filtration chromatography. Pure enzyme or protein standards were applied to a Superdex 200HR 10/30 gel filtration column (Amersham Pharmacia Biotech) in 20 mM Tris-HCl (pH 8.0) containing 0.1 M NaCl and 1 mM dithiothreitol (DTT). Ferritin (440,000), catalase (232,000), aldolase (158,000), albumin (67,000), ovalbumin (43,000), chymotrypsinogen A (25,000), and RNase A (13,700) were used as protein standards, and Bluedextran (2,000,000) was used for determination of void volume. The molecular mass of the esterase was calculated by interpolation on a plot of (V e ϪV o )/(V t ϪV o ) against log molecular mass, where V e is the elution volume of the protein, V o is the void volume of the column, and V t is the geometric bed volume.
Enzyme assays. Esterase activity against p-nitrophenyl esters was determined by measuring the amount of p-nitrophenol released by esterase-catalyzed hydrolysis. The production of p-nitrophenol was monitored at 405 nm continuously by a UV-1600PC spectrophotometer with a thermal control unit (Shimadzu, Kyoto, Japan). Unless otherwise mentioned, in the standard assay, esterase activity was measured with 1 mM p-nitrophenyl caproate as a substrate in 50 mM HEPES (pH 7.1) containing 1% acetonitrile at 70°C. After preincubation for 3 min, the reaction was initiated by adding enzyme into the reaction mixture. One unit of esterase activity is defined as the amount of activity which causes the release of 1 mol of p-nitrophenol/min from p-nitrophenyl caproate. In every measurement, the effect of nonenzymatic hydrolysis of substrates was taken into consideration and subtracted from the value measured when the enzyme was added. Measurements were carried out at least three times, and the extinction coefficients of p-nitrophenol were determined prior to the measurements under every condition. Activity was described as the initial rate for hydrolysis of p-nitrophenyl ester.
Substrate specificity towards p-nitrophenyl esters was determined using pnitrophenyl propionate (0.02 to 5 mM), p-nitrophenyl butyrate (0.02 to 2 mM), p-nitrophenyl valerate (0.01 to 1 mM), p-nitrophenyl caproate (0.008 to 1 mM), and p-nitrophenyl caprylate (0.03 to 0.4 mM) as substrates in 50 mM HEPES (pH 7.1) with 1% acetonitrile at 70°C. An additional 0.04% Triton X-100 was included in the reaction mixture in the case of p-nitrophenyl caprylate. With p-nitrophenyl palmitate as a substrate, 4% 2-propanol was included in the reaction mixture in order to solubilize the substrate. Kinetic analyses by curve fitting were calculated with SigmaPlot (SPSS Science, Chicago, Ill.).
We examined the activity towards acetate esters by using methyl acetate, ethyl acetate, propyl acetate, isopropyl acetate, butyl acetate, isobutyl acetate, secbutyl acetate, tert-butyl acetate, hexyl acetate, and octyl acetate as substrates in a batch reaction. The assay mixture contained a 50 mM concentration of substrate, 90 mM sodium phosphate (pH 7.0), and 10% acetonitrile. The reaction was initiated by adding enzyme into the mixture after a 3-min preincubation. After reaction for 20 s at 40°C, the reaction was terminated by cooling the samples in ice water. The reaction mixture was then applied to an RSpak DE-413 column (Shodex, Tokyo, Japan) in an elution buffer consisting of 50 mM sodium phosphate (pH 7.0) and 50% acetonitrile and analyzed by high-performance liquid chromatography (HPLC; Shimadzu). Effluents were detected by absorbance at 205 nm. The amount of acetic acid released in this batch reaction was calculated from the peak area corresponding to acetic acid which eluted from the HPLC column.
The effect of pH on esterase activity was studied in a pH range of 3.0 to 9.0. The buffers used were 50 mM sodium citrate (pH 3.0 to 4.0), 50 mM sodium acetate (pH 4.0 to 5.5), 50 mM morpholineethanesulfonic acid (MES; pH 5.5 to 7.0), 50 mM HEPES (pH 7.0 to 8.0), and 50 mM Bicine (pH 8.0 to 9.0).
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Production of p-nitrophenoxide and p-nitrophenol was monitored at 348 nm (the pH-independent isosbestic wavelength of p-nitrophenoxide and p-nitrophenol).
The effect of temperature on esterase activity was studied in the range of 30 to 95°C. p-Nitrophenyl caproate was dissolved in 50 mM HEPES (pH 7.1) and incubated at each temperature for 3 min prior to measurements. The pH values of buffers were adjusted at each temperature. The inhibitory effect of the modifying reagent for Ser and His was examined using phenylmethylsulfonyl fluoride (PMSF) and diethyl pyrocarbonate (DEPC), respectively. The enzyme (20.5 g/ml) was incubated with various concentrations of PMSF in 50 mM MES (pH 7.0) or DEPC in 50 mM MES (pH 6.0) at 37°C for 10 min. The reaction was stopped by cooling samples in ice water. Residual activities were subsequently measured by the standard assays described above.
Thermostability was measured by incubating the enzyme (0.205 mg/ml) in 20 mM Tris-HCl (pH 8.0) at 100 or 110°C for various intervals of time. Stability against organic solvents was measured by incubating the enzyme (100 g/ml) in 20 mM Tris-HCl (pH 8.0) containing 0, 50, and 80% organic solvent (vol/vol) at 30°C for 60 min. In order to measure the residual activities, aliquots were taken from these mixtures and added as the enzyme sample in the standard assay. The final concentration of the solvent in the assay solution is therefore 0.01 or 0.016% and does not affect the extinction coefficient. Activity measurements in the presence of 50% solvent were carried out at 70°C. In this case, the respective extinction coefficients were 14,000
Nucleotide sequence accession number. The nucleotide sequence data reported here are available in the EMBL, GenBank, and DDBJ nucleotide sequence databases under accession no. AB078331.
RESULTS
Esterase activity in cell extracts of P. calidifontis VA1. In order to examine the lipolytic activity in cell extracts of P. calidifontis VA1, a plate assay was performed using tributyrine and olive oil (mainly composed of triolein) as substrates. A clear halo was detected on the tributyrine plates, while no signal was observed on those with olive oil. According to the definition of carboxylesterases and/or lipases, it was suggested that P. calidifontis VA1 harbored a carboxylesterase activity.
Cloning and sequence analysis of est Pc . In order to isolate the gene(s) responsible for the carboxylesterase activity detected above, genomic DNA was digested with Sau3AI and inserted into pUC118. E. coli DH5␣ transformants were plated onto LB-ampicillin-IPTG-tributyrin plates. Among 4,000 transformants, three clones formed clear halos around the colonies. The three plasmids were isolated and sequenced and were found to contain identical inserts. Further characterization indicated the presence of an open reading frame of 939 bp (est Pc ) which showed similarity to previously reported esterase and lipase genes. The deduced amino acid sequence consisting of 313 residues displayed approximately 50% identity with the esterase of A. fulgidus and a putative lipase gene product (lipP-2) from S. solfataricus. Although the similarities were relatively lower than those towards the enzymes from archaea, the Est of P. calidifontis also showed similarity to mammalian HSLs (Ϸ30% identity), lipase 2 from Moraxella sp. TA144 (27% identity), and esterase from E. coli (26% identity), indicating that Est of P. calidifontis is a member of the Family IV lipolytic enzymes. The pentapeptide GDSAG including catalytic serine was conserved in the enzyme at positions 155 to 159, suggesting that Ser157 is the catalytic residue in the enzyme. Sequence alignment among Family IV enzymes indicated that the other catalytic components (Asp254 and His284) and the HGGG motif were also conserved. A secondary structure prediction of Est from P. calidifontis (http://www.emblheidelberg.de/predictprotein/predictprotein.html) suggested the presence of two ␣-helices at the N-terminal region of the protein, a feature shared in the Family IV enzymes from B. subtilis (39) and A. acidocaldarius (8) whose three-dimensional structures have been determined.
Overexpression and purification of recombinant Est from P. calidifontis. We produced recombinant Est of P. calidifontis in E. coli. Cell extracts were heat treated, and most of the proteins from the host cells were removed. The enzyme remained in the soluble fraction after heat treatment and was further purified by anion exchange chromatography and gel filtration chromatography. Through this purification procedure, the recombinant Est was purified 6.5-fold with a yield of 66% ( Table  1 ). The homogeneity of the protein was confirmed by SDS-PAGE (Fig. 1) . The molecular mass of this protein was 34 kDa, in good agreement with the molecular mass deduced from the nucleotide sequence (34, 354 Da) . The N-terminal amino acid sequence of the protein, Phe-Leu-Ser-Phe-Ile-Leu-Arg-GlnIle-Leu, was identical to the sequence deduced from the nucleotide sequence, confirming that the purified enzyme was the protein product of est Pc . In order to examine the subunit composition of the recombinant enzyme, gel filtration chromatography was performed at room temperature in the presence of 1 mM DTT. The protein was found to be 98 kDa, suggesting that the enzyme was a trimer under these conditions. Search for a stabilizing reagent. Esterase activity was first measured spectrophotometrically using p-nitrophenyl esters as substrates. During these measurements, we observed that the Est was unstable at low concentrations (10 to 100 nM). The half-life of the enzyme at a concentration of 60 nM was 5.2 h in 20 mM Tris-HCl (pH 8.0) at 4°C. This instability was not observed at micromolar concentrations. In order to stabilize the enzyme at low concentrations, we examined the effects of adding various compounds, such as Triton X-100 (0.1 to 1%), Tween 20 (0.1 to 1%), 1 mM DTT, 1 mM 2-mercaptoethanol, glycerol (20 to 50%), 10% sucrose, EDTA (1 to 10 mM), 10% acetone, and 10% ethanol. Among these, addition of 0.1% Triton X-100 exhibited a significant stabilizing effect without leading to a change in activity levels. Therefore, 0.1% Triton X-100 was added in the enzyme stock solution when performing further experiments unless otherwise stated. Effect of pH and temperature. The effect of pH towards Est activity was investigated using p-nitrophenyl caproate as a substrate (Fig. 2) . The absorption of p-nitrophenol varies when pH is altered because of changes in equilibrium between p-nitrophenol and p-nitrophenoxide. Therefore, the release of p-nitrophenol was monitored at 348 nm, the isosbestic point of p-nitrophenol and p-nitrophenoxide. The activity was measured in a pH range of 3.0 to 9.0. Est displayed high activity at neutral pH, with an optimal pH of approximately 7.0.
The effect of temperature on esterase activity was investigated using p-nitrophenyl caproate as a substrate. The activity was measured in the range of 30 to 95°C. The enzyme showed higher activity at higher temperature, with an optimal temperature of 90°C. Est activity at 30°C was 16% of the maximum activity. The activation energy was calculated from the Arrhenius plot to be 26.4 kJ/mol (Fig. 3) .
Stability. The thermostability of the Est of P. calidifontis was investigated (Fig. 4) . The enzyme was incubated at 100 or 110°C in a sealed cuvette at a concentration of 0.205 mg/ml with no addition of Triton X-100. Activities prior to and after incubation were compared at 70°C. The Est protein was found to be remarkably thermostable. No decrease in activity could be observed after 2 h at 100°C. The half-life (Ϯ standard deviation) for the enzyme at 110°C was 56 Ϯ 4 min.
The stability of the esterase against water-miscible organic solvents was also investigated (Table 2) . Methanol, ethanol, 2-propanol, acetonitrile, dimethyl sulfoxide, and dimethylformamide were added to final concentrations of 50 and 80% and incubated at 30°C for 60 min. Also in these experiments, the enzyme displayed extreme stability, with no drastic decreases in residual activity. These results indicate that the Est of P. calidifontis is a remarkably stable enzyme against both heat and organic solvents. Activity in solutions with 50% water-miscible organic solvents. We measured the enzyme activity of Est in reaction mixtures including 50% of the organic solvents mentioned above (Table 2) . Activity was observed in all cases, and a particularly high level of activity was found in 50% dimethyl sulfoxide.
Inhibition. The effects of various inhibitors were investigated. From the deduced amino acid sequence, it was suggested that this Est harbored a catalytic triad consisting of Ser, His, and Asp. In order to confirm this point experimentally, we examined the effect of two chemical reagents on the activity of the enzyme. PMSF, a typical modification reagent for Ser, drastically inhibited the reaction. Addition of 25 M PMSF inhibited the reaction by approximately 94%. DEPC, a modification reagent for His, also inhibited the reaction, but higher concentrations of DEPC than PMSF were necessary. Addition of 2.0 mM DEPC inhibited the reaction by about 98%.
Substrate specificity. As the Est of P. calidifontis was shown to be a highly stable esterase with the potential for further application, we examined the substrate specificity of the enzyme. Specificity of the enzyme towards the length of the acyl chains was investigated using p-nitrophenyl esters (propionate, C 3 ; butyrate, C 4 ; valerate, C 5 ; caproate, C 6 ; and caprylate, C 8 ) as substrates ( Table 3 ). The k cat value had a tendency to increase with the increase in acyl chain length of substrates until the C 6 substrate caproate. The k cat value towards p-nitrophenyl caprylate (C 8 ) displayed a sharp decrease from that of p-nitrophenyl caproate (61%). Likewise, the K m value decreased with the increase in acyl chain length until C 6 . The K m value for C 8 was larger than that for C 6 . Therefore, the k cat /K m ratios indicated that p-nitrophenyl caproate (C 6 ) was the best substrate among the p-nitrophenyl esters examined. Est exhibited very low levels of activity against the long-chain substrate p-nitrophenyl palmitate (C 16 ). Compared to the activity against pnitrophenyl caproate at 70°C (4,050 U/mg), the p-nitrophenyl palmitate hydrolyzing activity was 127 U/mg at this temperature.
We further compared the activities towards acetate esters with various alcoholic moieties (methyl, ethyl, propyl, isopropyl, butyl, isobutyl, sec-butyl, tert-butyl, hexyl, and octyl) ( Table  4) . Among straight-chained alcohols, butanol ester was the most preferred substrate, with high activities also observed for the C 3 and C 6 substrates. Methyl acetate was found to be a poor substrate. Interestingly, activity with isobutyl acetate as a substrate led to the highest level of activity. Moreover, although activity levels were low, this Est enzyme could also catalyze the hydrolysis of the tert-butyl acetate substrate.
DISCUSSION
We have reported the characterization of a highly active, thermostable carboxylesterase from the hyperthermophilic archaeon P. calidifontis VA1. Using p-nitrophenyl caproate as a substrate, Est displayed an activity of 1,050 U/mg at 30°C, and the level of activity increased with an elevation in temperature (6,410 U/mg at 90°C). As the variety of assay methods for esterases and lipases has hampered an accurate comparison of enzyme activities, we compared the activity of Est with that of enzymes examined with similar assay methods. The catalytic efficiency of the enzyme was comparable or higher than those of previously reported enzymes over a broad temperature range (2, 7, 21, 23, 24, 31) . The high catalytic efficiency of the enzyme was also indicated by comparing the activation energies of several enzymes. The activation energy of Est from P. calidifontis (26.4 kJ/mol) was comparable to that of A. fulgidus (26 kJ/mol) (24) and was lower than that of the carboxylesterase from A. acidocaldarius (31 kJ/mol) (23) and the lipase from Pseudomonas sp. B11-1 (47 kJ/mol for p-nitrophenyl butyrate) (7). The Arrhenius plot for Est from P. calidifontis was linear at temperatures ranging from 30 to 90°C, indicating that the conformation of this enzyme was not altered throughout this temperature range.
Est from P. calidifontis was found to be one of the most thermostable and thermophilic lipolytic enzymes to be reported, along with the enzyme from P. furiosus (15) . High activity and stability at elevated temperatures should be favor- The Est enzyme was also stable against water-miscible organic solvents. The lipases from Pseudomonas sp. B11-1 (7) and Fusarium heterosporum (34) were drastically inactivated after incubation with acetonitrile. We found that the P. calidifontis enzyme, after 1 h of incubation in the presence of 80% organic solvents, retained its activity in the standard assays. This indicates that the enzyme did not denature, at least to an irreversible extent, during the incubation. The enzyme also exhibited activity in solutions including 50% organic solvents (Table 2 ). Stability against organic solvent is important when using enzymes for synthesis of esters. These features, along with the thermostability of the enzyme, make it a very attractive enzyme for future application in industry as well as in biochemistry.
Concerning substrate specificity, the Est of P. calidifontis was found to be active against esters with short to medium chains in the acyl moiety. As for alcoholic moiety, the Est protein displayed an interesting feature: the ability to hydrolyze tertbutyl acetate. At present, enzymes that can catalyze the hydrolysis and/or the synthesis of tertiary esters are very rare (12, 40) , and this further raises the potential of this Est protein as an enzyme in organic synthesis.
The substrate specificity of carboxylesterase from A. acidocaldarius could be altered by site-directed and saturation mutagenesis experiments (25) . The acyl binding pocket of this enzyme was engineered to increase affinity towards long acyl chains, and an improvement of enzymatic activity towards pnitrophenyl esters with longer acyl chains was observed. At present, a lipase from a thermophilic organism has not been used in industry. However, future engineering of these thermostable enzymes, as mentioned above, may provide a new array of stable, lipolytic enzymes for use in industry.
In contrast to the enormous number of bacterial lipolytic enzymes that have been studied, only six enzymes have been characterized from archaea. With the growing number of complete archaeal genome sequences in the databases, we were tempted to examine the presence of putative esterase and/or lipase genes in these archaeal strains. In order to cover enzymes from all families, one or two typical enzymes were chosen from each family, and a BLAST search was performed against the archaeal genome databases (http://www.ncbi.nlm .nih.gov/cgi-bin/Entrez/genom_table_cgi). Interestingly, some putative genes were identified in BLAST searches with Family IV or Family V enzymes, while no candidates with notable similarity to lipolytic enzymes could be retrieved with enzymes from other families. With the data available at present, it seems that the archaeal enzymes are confined to Family IV and V. It is also interesting that these two families are comprised of enzymes from diverse organisms, including psychrophiles, mesophiles, and (hyper)thermophiles (3), a tendency not found in other families.
The function of carboxylesterases in archaea has not been revealed. It can be speculated that the esterases function to hydrolyze ester compounds, providing (short-chain) carboxylic acids and/or alcohols to be assimilated by the cells. Genome analyses revealed that A. fulgidus (20) and S. solfataricus (33) have putative genes encoding enzymes involved in ␤-oxidation as well as esterase genes. Interestingly, a putative enoyl-coenzyme A (CoA) hydratase gene was found adjacent to the est Pc gene in P. calidifontis VA1. It will be necessary to confirm whether P. calidifontis can catabolize carboxylate esters and whether the other components of ␤-oxidation, namely acylCoA synthetase, acyl-CoA dehydrogenase, 3-hydroxyacyl-CoA dehydrogenase, and 3-ketoacyl-CoA thiolase, are active in P. calidifontis.
